Abstract-Field emission from nanocrystalline diamond and especially from diamond field emitters is known to have an onset at low electric fields of a few MV/m, although the discussion on the agreement of the results with the classical Fowler-Nordheim model is still pending. While measurements of pure photoemission from flat nanocrystalline diamond agree reasonably well with the 3-step photoemission model for the wide bandgap semiconductor with low electron affinity, we are not aware of systematic studies of photoemission in the ~0.1-5 MV/m range, where the electron emission mechanism is expected to be affected by the Schottky effect and crossover with the field emission. In order to understand applicability of field enhanced photoemission from diamond to generation of bright coherent photo-gated electron beams suitable for dielectric laser accelerators, we have designed a system to measure spectral response (quantum efficiency vs wavelength) of ~mm-sized samples with up to 5 MV/m electric field in the anode-cathode gap. The system is based on an incoherent Xe lamp-based tunable ultaviolet light source, therefore relatively large and dense diamond field emitter arrays are required for comparative studies of arrays versus flat nanocrystalline diamond samples. We present the results of our original measurements in the range between 195 nm and 270 nm. Potential schemes of laser-triggered photoemission from a single diamond field emitter tip are discussed in view of the obtained results.
I. INTRODUCTION
Metal field emitters (typically micron-sized cones ending with a sharp nano-scale tip) [1] are considered viable cathode candidates for compact dielectric laser accelerators (DLAs) [2] . The ability of such cathodes to generate electron bunches when illuminated by sub-ps laser pulses tightly focused onto an individual tip was indeed demonstrated experimentally [3] . Such sources are generally referred to as "laser-triggered", because several mechanisms can be responsible for electron emission, including multi-photon photoemission, optical tunneling, thermionic emission, etc. Since those are extremely non-linear processes, these cathodes cannot be characterized in terms of quantum efficiency (QE, number of emitted electrons per incident photon). In general, however, the efficiency of this laser-triggered emission is low. Higher laser power cannot be used to obtain larger currents because the nano-tip will overheat. This fact appears to be a fundamental limitation of metal nano-tips (in addition, they have very limited life times), which motivates the search for alternative electron sources for DLAs. Nanocrystalline diamond is known to (i) be a very good ultraviolet (UV) photocathode [4] and (ii) generate exceptionally high current densities by field emission [5] . Fairly routine technological process has been developed to produce structures shaped similarly to metal nano-tips from nanocrystalline diamond [6] . Electron emission properties of such structures were studied primarily in direct current (DC) field emission mode with the focus on generating more average current density, that is why diamond field emitter arrays (DFEAs) were introduced [7] . In this work, we study the applicability of diamond field emitters as photocathodes for DLAs in moderate electric fields, up to several MV/m. In this mode, often referred to as field assisted photoemission, QE in the vicinity of the photoelectric threshold is expected to be enhanced due to Schottky effect [8] , especially at the nano-tips. In fields stronger than several MV/m significant DC field emission would render continuous background current, which is undesirable for DLA operation. For this reason, in this study we do not apply fields stronger than 2.6 MV/m. Also, while a single nano-tip with a very small emission area represents a natural choice for DLA applications, we measure an average current from mm-sized DFEA containing thousands of pyramids with nano-tips because our tunable light source cannot be focused onto an individual emitter.
II. EXPERIMENTAL SETUP
For our initial experiments we used a conventional photoemission measurements setup, designed to apply only very low electric field between the anode and the cathode, up to 1 kV/m. The results of photoemission tests from flat nanocrystalline diamond and DFEAs have not revealed any systematic differences between the two types of samples and were consistent with the previous reports [4] . Typical simplified Fowler dependence [9] is shown in Fig. 1 , with the obtained photoemission threshold value being close to the diamond band gap. In order to investigate field assisted photoemissive properties, we have designed and assembled a new setup, shown in Fig. 2 . An incoherent tunable light source based on Xe lamp coupled to a monochromator is used for photoexcitation. The negatively biased (selectable up to 650 V) sample acts as the cathode and is positioned close to the anode (a flat metal mesh with high optical transparency). The relatively small anode-cathode distance allows to achieve the desired range of electric fields by applying fairly low voltages from a battery-powered source. Because the DFEA lateral size is much larger than the anode-cathode distance, precise alignment of the cathode with respect to the anode mesh is necessary, otherwise the electric field will vary across the cathode's surface. The alignment procedure is accomplished by turning micrometers that adjust cathode angle/position while observing the gap with a microscope camera with a shallow (a few microns) depth of focus. The camera's front lens is positioned at ~1 cm before the viewport, while the anode and the cathode are ~1 cm away from the viewport inside the chamber. After the alignment is done, the same viewport is used to illuminate the sample (cathode) by imaging the output slit of the monochromator onto it. The illumination spot is approximately 1 mm square, commensurate with the size of a DFEA pattern. A flat diamond sample is approximately a 5 mm square. Dynamic adjustment of the position of the monochromator's imaging lens during the spectral response scan to counter chromatic aberration was not performed; the position was fixed to ensure the sharpest image of the square at about 200 nm. Therefore, the QE data in the 230-270 nm range should be less accurate as compared to the 195-225 nm range because of the expansion (defocusing) of the illumination spot.
Calibration of the monochromator output power was performed prior to QE measurements. When a single-grating monochromator is set to output a line in the UV range, total output power includes a significant fraction of broad-spectrum power. Diamond photocathodes do not respond to this longerwavelength parasitic component, but accurate calibration of the UV line power needs to be done in order to avoid artifacts in the calculation of the QE. Because of the drastically smaller UV power produced by the light source at shorter wavelengths, the incident optical power was modulated using an optical chopper, and a lock-in amplifier was used to measure photocurrent. Fig. 3 shows the results of the field assisted photoemission QE measurements on two samples, a DFEA (shown in Fig. 3 insert) and a flat nanocrystalline diamond. The same diamond deposition process was used to fabricate both samples. It is evident from the data that for both samples the QE is enhanced with increasing electric field, approximately by a factor 3 for 2.6 MV/m. At any given wavelength, the QE of the DFEA sample is about 3 times larger than the QE of the flat diamond sample in the same electric field.
III. RESULTS AND DISCUSSION
At this point, interpretation of the obtained results remains inconclusive. The magnitude of the observed QE enhancement is too large to be associated with the Schottky barrier lowering in ~1 MV/m field [8] . Moreover, Schottky barrier lowering should manifest itself by the change of the spectral response shape, since the QE at the threshold or below should be enhanced much more than at higher photon energies, while the observed enhancement is uniform across the whole wavelength range (Fig. 3) . Simplified Fowler plots (Fig. 4) also show that QE enhancement is not accompanied by the shift of the photoemission threshold; the same value of about 5.3 eV is observed for both samples in the whole measured range of electric fields. We should note that the low energy shoulder of the Fowler plots indicating another threshold of about 4.4 eV may be an artifact originating from photoemission from the molybdenum substrate under the diamond sample.
A factor of 3 enhancement of QE of the DFEA sample as compared to the flat diamond qualitatively supports the reported photoelectron emission microscopy (PEEM) data [10] . However, the magnitude of the effect is not very large, making quantitative analysis very complicated. In our experiment, we are registering electrons emitted from every part of the sample cathode. It is impossible to differentiate the electrons emitted from the pyramid's sides from those emitted from the tips, let alone determine the area of the tip where enhanced photoemission is observed. In principle, a series of experiments with varied density of tip emitters could provide a better quantitative estimate of the observed QE enhancement at the tips. At the same time, the results presented here already indicate that the photoemission from a diamond tip will be accompanied by a somewhat weaker yet significant photoemission from the sides of a pyramid, making it impossible to achieve a well confined emission spot. Given that the goal of this study is to support development of DLA cathodes, we conclude that near-threshold photoemission from diamond field emitters is not a favorable mode of electron emission for the application. Although far less efficient in terms of the number of produced electrons, alternative schemes based on the strong-field photoemission [11] should be considered in order to confine the emission spot around the nano-tip. Fig. 4 .
Fowler plots (square root of QE vs photon energy) for field assisted photoemission threshold determination. Dashed lines are linear fits indicating approximately 5.3 eV threshold.
